Distinguishing Kinetics from Thermodynamics
[bookmark: _Hlk218704037]Thermodynamics describes the relative stabilities of states and the position of a system at equilibrium. If a reaction has a negative ΔG, the products are more stable than the reactants and the forward reaction is thermodynamically favored. There is no time dependence of an equilibrium state. At STP graphite is more stable than diamond. At infinite time essentially all diamond will be converted to graphite.
[bookmark: _Hlk218704740]Kinetics is all about rates – how fast or slowly something happens. The rate of a reaction is determined by concentrations and by the height of activation barriers separating states. A thermodynamically favorable reaction (negative ΔG) may not occur on a relevant timescale if the activation barrier is high. The activation energy for conversion of diamond to graphite is very high, so the rate of conversion is very very slow.
In chemical and biological systems, structure, function, and evolution are governed not by thermodynamic endpoints alone but by kinetic accessibility. Biological molecules often persist in states that are unstable but persist because of large activation barriers — a condition described as kinetic trapping. The protein backbone is thermodynamically unstable in water but hydrolyzes so slowly that you don’t have to worry about degrading into amino acids. Life exploits kinetic control to maintain structure and information.
Energy Currency
The formalisms of thermodynamics (q, w, H, S, G, 1st/2nd laws, etc) come from and apply to steam engines. A steam engine operates via direct energy flow: heat from burning coal → expanding steam → mechanical work. Energy is conserved (1st Law), entropy increases globally (2nd Law), and no "currency" is needed. Energy conversion happens in a continuous, coupled physical process.
Biology could theoretically work the same way:
Cells could directly couple food oxidation to biosynthesis at the moment and location where energy is needed—no ATP required. This wouldn't violate thermodynamics. Glucose oxidation releases energy; that energy could theoretically drive protein synthesis directly if the machinery were co-located and perfectly coupled.
But biology doesn't work this way. ATP (adenosine triphosphate) functions as biology's universal energy currency—a portable, standardized unit of chemical energy that can be produced, transported, stored, and spent to drive unfavorable (non-spontaneous) reactions. ATP hydrolysis to ADP + Pi releases free energy (ΔG ≈ -30 kJ/mol under cellular conditions)
How ATP works:
[bookmark: _Hlk218778702][bookmark: _Hlk218778736][bookmark: _Hlk218778905][bookmark: _Hlk218780883]This negative ΔG (ΔG<0) of ATP hydrolysis to ADP + Pi can be coupled to reactions that would otherwise be thermodynamically unfavorable (ΔG>0), making the combined process spontaneous (net ΔG<0). [Note that the actual reaction is ATP +H2O → ADP + Pi, but we generally omit the water.]
The coupling mechanism:
[bookmark: _Hlk218781018]Cells use enzymes to link ATP hydrolysis directly to biosynthetic work:
[bookmark: _Hlk218780912][bookmark: _Hlk218778823][bookmark: _Hlk218778830]Unfavorable reaction: A → B (ΔG = +15 kJ/mol, not spontaneous)
Couple to ATP: ATP → ADP + Pi (ΔG = -30 kJ/mol, spontaneous)
Net reaction: A + ATP → B + ADP + Pi (ΔG = -15 kJ/mol, spontaneous)
What does biology gain by using an energy currency?
Standardization: One reaction (ATP hydrolysis) powers thousands of different reactions. Thousands of different enzymes can all "plug into" the same energy currency rather than each needing custom coupling to specific catabolic reactions.
Evolvability: Evolution of energy-consuming processes is decoupled from evolution of energy capturing processes.
Portability and Modularity: Energy production (mainly in the mitochondria) and energy consumption (ribosomes, motors, pumps) occur in different cellular locations. With an energy currency, energy production is physically and chemically separated from energy consumption.
Temporal decoupling: Energy can be produced when nutrients are available and stored as ATP for use when needed—seconds to minutes later.
[bookmark: _Hlk218778966][bookmark: _Hlk218778994][bookmark: _Hlk218779007]Intermediate ΔG magnitude: ΔG of non-covalent interactions < ΔG (ATP hydrolysis) < ΔG of covalent interactions. The reaction is not so energetic it's dangerous, not so weak it's useless
[bookmark: _Hlk218780146]Efficiency of Recycling: A given ATP is hydrolyzed to ADP + Pi, then is recycled back to ATP, over and over again. Catabolic pathways (such as O2 + reduced carbon) break down nutrients and release energy that is used generate ATP. Anabolic pathways (building molecules) consume ATP. ATP/ADP cycling is the energetic heartbeat of life.
Regulatory control: ATP, ADP and Pi concentrations ratios provide regulatory signals. Cells can sense energy status and regulate metabolism accordingly.
Kinetic control: ATP hydrolysis provides large activation energy barrier that prevent reactions from running backward, even when thermodynamically favorable.
The deeper implication:
Energy currencies are an organizational solution, not a thermodynamic necessity. They reflect biological evolution's solution to problems of:
Energy Currency and the origins of life
Early life might not have had energy currencies. Simple coupled reactions (like in a hydrothermal vent) could have directly linked exergonic and endergonic processes. The emergence of ATP/similar molecules represents an evolutionary innovation—a layer of biochemical organization that thermodynamics permits but doesn't predict or require.
In short: Thermodynamics tells you energy must be conserved and entropy must increase. It says nothing about howbiological systems organize energy flow. Energy currencies are biology's invention for managing complexity—they're consistent with thermodynamics but emerge from selection for functional organization, not from physical law alone.

